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摘要 
厌氧氨氧化（anaerobic ammonium oxidation, ANAMMOX）和反硝化型厌氧
甲烷氧化（nitrite-dependent anaerobic methane oxidation, N-DAMO）反应是新发现
的两类能够参与碳氮循环的微生物，它们的发现对完善全球碳氮循环理论具有重
要意义。红树林湿地生态系统位于陆地和海洋交界处，周期性受海水浸淹，并且
能够接受来自海洋和陆地的各种污染物，因此物质资源和生物资源都很丰富。同
时，红树林湿地沉积物能够为 ANAMMOX 和 N-DAMO 微生物创造一个厌氧环
境，有利于二者生存。目前，关于 ANAMMOX 菌的研究主要集中在海洋环境，
而 N-DAMO 菌的研究主要集中在淡水湿地，对于二者在红树林湿地沉积物中的
相互作用鲜有报道。本研究以红树林湿地不同深度沉积物为研究对象，对其中
ANAMMOX 和 N-DAMO 微生物的群落结构以及多样性、数量分布、反应活性
和生态效益进行系统地研究，主要研究结果如下： 
1.探明红树林湿地沉积物 ANAMMOX 和 N-DAMO 菌群落结构以及多样性 
夏季和冬季从红树林湿地沉积物中得到的 ANAMMOX 菌 16S rRNA 基因序
列都隶属于 Candidatus Brocadia, Candidatus Kuenenia 和 Candidatus Scalindua 属。
其中，Candidatus Kuenenia 和 Candidatus Scalindua 属是红树林湿地沉积物中的
优势 ANAMMOX 菌。同时，冬季从红树林湿地沉积物中得到的 ANAMMOX 菌
hzsB基因序列隶属于Candidatus Kuenenia和Candidatus Scalindua属。研究发现，
桐花树、秋茄和白骨壤生境表层（0-20 cm）ANAMMOX 菌群落结构比较相似，
中间层（20-40 cm 和 40-60 cm）ANAMMOX 菌群落结构比较相似，以及底层（60-
80 cm 和 80-100 cm）ANAMMOX 菌群落结构比较相似。并且，红树林湿地沉积
物中 ANAMMOX 菌群落结构与海湾中 ANAMMOX 菌群落结构最为相似。其次，
与根际土壤和太湖中 ANAMMOX 菌群落结构也有类似之处。相关性分析表明，
沉积物总有机碳含量、含水率、氧化还原电位以及硝酸盐浓度对红树林湿地沉积
物中 ANAMMOX 菌群落结构影响较大。 
夏季从红树林湿地沉积物中得到的 N-DAMO 菌 16S rRNA 基因序列隶属于
groupB, D, E，而冬季从红树林湿地沉积物中得到的 N-DAMO 菌 16S rRNA 基因
序列隶属于 groupA, B, D。其中，groupB 是红树林湿地沉积物中的优势 N-DAMO
菌。同时，夏季和冬季从红树林湿地沉积物中得到的 N-DAMO 菌 pmoA 基因序
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列都归属于 M.oxyfera 和 M.sinica 属。研究发现，桐花树、秋茄和白骨壤生境表
层（0-20 cm）N-DAMO 菌群落结构比较相似，中间层（20-40 cm 和 40-60 cm）
N-DAMO 菌群落结构比较相似，以及底层（60-80 cm 和 80-100 cm）N-DAMO 菌
群落结构比较相似。并且，红树林湿地沉积物中 N-DAMO 菌群落结构与海洋和
香港红树林湿地中 N-DAMO 菌群落结构最为相似。其次，与自然淡水湿地沉积
物中 N-DAMO 菌群落结构也有类似之处。相关性分析表明，沉积物总有机碳含
量、含水率、亚硝酸盐浓度、甲烷浓度以及氧化还原电位是影响红树林湿地沉积
物中 N-DAMO 菌群落结构的主要环境因子。 
2.探明红树林湿地沉积物 ANAMMOX 和 N-DAMO 菌数量分布 
红树林湿地沉积物中存在相当数量的 ANAMMOX 菌。其中，夏季和冬季红
树林湿地沉积物中 ANAMMOX 菌 16S rRNA 基因数量变化范围分别为 0.41×107-
4.07×107 拷贝·g-1(干土)和 1.39×107-9.74×107 拷贝·g-1(干土)；冬季红树林湿地沉积
物中 hzsB 基因数量变化范围为 0.42×106-6.44×106 拷贝·g-1(干土)。在红树林湿地
系统中，表层沉积物 ANAMMOX 菌数量明显高于深层沉积物中 ANAMMOX 菌
数量，表明红树林湿地表层沉积物是 ANAMMOX 菌的主要分布区域。 
红树林湿地沉积物中分布有大量的 N-DAMO 菌。其中，夏季和冬季红树林
湿地沉积物中N-DAMO菌16S rRNA基因数量变化范围分别为0.24×107-2.09×107
拷贝·g-1(干土)和 0.16×104-5.20×104 拷贝·g-1(干土)；夏季和冬季红树林湿地沉积
物中 N-DAMO 菌 pmoA 基因数量变化范围分别为 0.21×107-3.38×107 拷贝·g-1(干
土)和 0.59×106-2.72×106 拷贝·g-1(干土)。在红树林湿地系统中，表层沉积物 N-
DAMO 菌数量明显高于深层沉积物中 N-DAMO 菌数量，表明红树林湿地表层沉
积物是 N-DAMO 菌的主要分布区域。 
3.探明红树林湿地沉积物 ANAMMOX 和 N-DAMO 菌反应活性 
红树林湿地沉积物中存在大规模的 ANAMMOX 反应，反应活性为 4.83-
277.36 nmolN2﹒g-1 (干重)﹒d-1。并且桐花树生境 ANAMMOX 菌活性随着沉积物
深度的增加呈现出先下降后上升的趋势，而秋茄和白骨壤生境 ANAMMOX 菌活
性随着沉积物深度的增加逐渐增大。同时，桐花树生境 ANAMMOX 菌活性普遍
低于秋茄和白骨壤生境。从而表明，红树林湿地深层沉积物是 ANAMMOX 菌反
应热点地区。 
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红树林湿地沉积物中同样存在大规模的 N-DAMO 反应，反应活性为 24.19-
1077.44 nmolCO2﹒g-1 (干重)﹒d-1，并且桐花树生境 N-DAMO 菌活性随着沉积物
深度的增加呈现出先上升后下降的趋势，而秋茄和白骨壤生境 N-DAMO 菌活性
随着沉积物深度的增加逐渐下降。同时，桐花树生境 N-DAMO 菌活性普遍高于
秋茄和白骨壤生境。从而表明，红树林湿地表层沉积物是 N-DAMO 菌反应热点
地区。 
4.探明红树林湿地沉积物理化参数对 ANAMMOX 和 N-DAMO 菌影响 
皮尔逊相关性分析发现，红树林湿地沉积物氧化还原电位、亚硝酸盐浓度、
总有机碳浓度等与 ANAMMOX 菌多样性呈正相关（P＜0.05 或 P＜0.01）；沉积
物 pH 和温度与 ANAMMOX 菌多样性呈负相关（P＜0.05 或 P＜0.01）。红树林
湿地沉积物含水率、亚硝酸盐浓度、总有机碳浓度等与 ANAMMOX 菌数量呈正
相关（P＜0.05 或 P＜0.01），pH 和温度与 ANAMMOX 菌数量呈负相关（P＜
0.05 或 P＜0.01）。沉积物总氮和总有机碳浓度与 ANAMMOX 菌活性呈负相关
（P＜0.05）。 
皮尔逊相关性分析发现，红树林湿地沉积物氧化还原电位、含水率、甲烷浓
度等与 N-DAMO 菌多样性呈正相关（P＜0.05 或 P＜0.01）；沉积物 pH、温度和
铵盐浓度与 N-DAMO 菌多样性呈负相关（P＜0.05 或 P＜0.01）。同时，沉积物
氧化还原电位、温度和铵盐浓度与 N-DAMO 菌数量呈正相关（P＜0.05 或 P＜
0.01），盐度和甲烷浓度与 N-DAMO 菌数量呈负相关（P＜0.05 或 P＜0.01）。
而且，沉积物含水率、亚硝酸盐浓度、总有机碳浓度等与 N-DAMO 菌活性呈正
相关（P＜0.05 或 P＜0.01），pH 与 N-DAMO 菌活性呈负相关（P＜0.01）。 
5.探明红树林湿地沉积物 ANAMMOX 和 N-DAMO 菌生态环境效应 
本研究证实，ANAMMOX 和 N-DAMO 微生物能够共存于红树林湿地生态
系统。同时，稳定同位素示踪试验结果表明，ANAMMOX 菌的反应热点在沉积
物底层，而 N-DAMO 菌的反应热点在沉积物表层。因此，红树林湿地沉积物中
ANAMMOX 和 N-DAMO 菌的生态位是相互分异的关系。 
由稳定同位素示踪试验以及通量计算发现，红树林湿地沉积物中
ANAMMOX 菌能够去除湿地系统平均外源氮负荷的 5.4%，是湿地系统中重要的
无机氮汇，可大大缓解河流、湖泊以及海洋等水体的富营养化进程。据估计，红
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树林湿地沉积物中 N-DAMO 反应能够去除湿地系统平均外源氮负荷的 36.2%，
其在缓解水体富营养化进程中起着至关重要的作用。此外，红树林湿地沉积物中
N-DAMO 反应可氧化湿地系统中产生的 2%-6%的甲烷气体，是湿地系统被忽视
的重要的温室气体甲烷的汇。 
关键词：红树林湿地；厌氧氨氧化；厌氧甲烷氧化；多样性；群落结构；数量分
布；潜在活性；生态效益；生态位 
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Abstract 
Nitrite-dependent anaerobic ammonium oxidation (ANAMMOX) and anaerobic 
methane oxidation (N-DAMO), two recently discovered processes in microbial 
nitrogen and carbon cycles, which are significant to accomplish the global nitrogen and 
carbon cycles, are unique in linking the two important biogeochemical cycles. 
Mangrove wetlands located in the land/ocean interface are periodically flooded by 
seawater, which can create an anaerobic environment in the sediment, and the anoxic 
conditions of the sediments can provide suitable habitats for ANAMMOX and N-
DAMO bacteria. And mangrove wetland can accept all kinds of pollutants from sea and 
land, so the material resources and biological resources are very rich. At present, the 
research of the ANAMMOX bacteria mainly focuses on marine environment, but the 
study about N-DAMO process mainly concentrates on freshwater habitats. However, 
the interaction between the two different microorganisms in mangrove sediments are 
rarely reported and the niche and activity of ANAMMOX and N-DAMO bacteria in the 
mangrove ecosystem have not been confirmed. Here, we report the community 
structures, diversity, abundance, activities and ecological benefits of ANAMMOX and 
N-DAMO bacteria in different layers of mangrove sediments. The major results are as 
follows: 
1. The community structures and diversity of ANAMMOX and N-DAMO bacteria 
in mangrove sediments 
Different genera of ANAMMOX bacteria were detected in mangrove sediments 
in summer and winter, indicating a high diversity of ANAMMOX bacteria, which 
affiliated to Candidatus Brocadia, Candidatus Kuenenia and Candidatus Scalindua 
based on ANAMMOX bacterial 16S rRNA gene. Candidatus Kuenenia and Candidatus 
Scalindua were the dominant ANAMMOX bacteria in mangrove sediments. In the 
meantime, the genera collected from mangrove sediments of hzsB gene in winter 
affiliated to Candidatus Kuenenia and Candidatus Scalindua. It was found that the 
community structures of ANAMMOX bacteria in upper layers (0-20 cm), middle layers 
(20-40 cm and 40-60 cm) and deeper layers (60-80 cm and 80-100 cm) of Aegiceras 
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corniculatum (AC), Rhizophora candel (RC) and Avicennia marina (AM) habitats were 
extremely similar, respectively. At the same time, the community structures of 
ANAMMOX bacteria in mangrove sediments were most similar with that in bay 
environment and it had some similarity with that in rhizosphere soil and Taihu 
sediments. Correlation analysis showed that the sediment total organic carbon 
concentration, water content, the redox potential and nitrate concentration were the 
most significant factors affecting the community structures of ANAMMOX bacteria in 
mangrove sediments. 
Different clusters of N-DAMO bacteria were found in mangrove sediments in 
summer and winter, suggesting a high diversity of N-DAMO bacteria, which belonged 
to group B, D, E in summer and group A, B, D in winter based on N-DAMO bacterial 
16S rRNA gene. Group B was the dominant N-DAMO bacteria in mangrove sediments. 
Meanwhile, the genera obtained from mangrove sediments of pmoA gene in summer 
and winter belonged to M.oxyfera and M.sinica. The research discovered that the 
community structures of N-DAMO bacteria in upper layers (0-20 cm), middle layers 
(20-40 cm and 40-60 cm) and deeper layers (60-80 cm and 80-100 cm) of Aegiceras 
corniculatum (AC), Rhizophora candel (RC) and Avicennia marina (AM) habitats were 
extremely similar, respectively. In the meanwhile, the community structures of N-
DAMO bacteria in mangrove sediments were most similar with that in marine and Mai 
Po wetland and it had some similarity with that in natural freshwater wetland soil. 
Correlation analysis indicated that the sediment total organic carbon concentration, 
water content, nitrite concentration, methane concentration and the redox potential were 
the most significant factors influencing the community structures of N-DAMO bacteria 
in mangrove sediments. 
2. The abundance of ANAMMOX and N-DAMO bacteria in mangrove sediments  
Large numbers of ANAMMOX bacteria were detected in mangrove sediments. 
The abundance of ANAMMOX bacterial 16S rRNA gene ranged from 0.41×107 to 
4.07×107 and 1.39×107 to 9.74×107 copies per gram of dry soil in the examined 
sediment cores in summer and winter. And the abundance of hzsB gene ranged from 
0.42×106 to 6.44×106 copies per gram of dry soil in the examined sediment cores in 
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